The G1 glycoprotein of California encephalitis (CE) virus plays a critical role in the infection of mosquito and mammalian cells. We found that CE virus enters baby hamster kidney (BHK-21) and Aedes albopictus (C6/36) cells by the endocytic pathway. Ammonium chloride, a lysosomotropic amine that prevents release of virus from endosomes, inhibited infection of both cell types when added within 10 min after viral adsorption. In addition, infected cells formed polykaryons when the extracellular pH was lowered to 6.3; optimal fusion occurred at pH 5.8 and 6.0 (C6/36 and BHK-21 cells, respectively). Two neutralizing G1 MAbs, 6D5.5 and 7D4.5, inhibited low pH-induced syncytia formation without affecting viral attachment, suggesting a role for G1 in viral entry. Since viral fusion proteins have been demonstrated to undergo conformational changes at low pH, acid-induced changes in G1 and G2 were assessed. While both G1 and G2 demonstrated low pHinduced alterations in detergent binding, only G1 displayed an altered protease cleavage pattern at the fusion pH. These results indicate that the G1 protein of CE virus undergoes conformational changes necessary for low pH-mediated entry into both mosquito and mammalian cells.
INTRODUCTION
. Many viruses enters cells via receptor-mediated endoSome arthropode-borne viruses enter mosquito and cytosis by interaction of one or more glycosylated promammalian cells by different pathways (Randolph and teins anchored in the viral envelope (White, 1992) . In the Stollar, 1990 ). Validation of the entry route and viral promildly acidic milieu of the endosome, viral fusion proteins teins involved in these processes as general features of undergo a conformational change, exposing previously members of this genus has not been performed. Imporhidden residues which mediate fusion of the viral and tantly, there is a paucity of knowledge as to the method endosomal membranes (Kielian and Helenius, 1985;  by which these viruses infect mosquito cells. Since these Skehel et al., 1982) . The result is release of the viral viruses, several of which cause significant human disnucleocapsid and initiation of viral replication. ease, are vectored by mosquitoes, the viral infection cyCalifornia encephalitis (CE) virus, the prototype Califorcle may be better understood by studying mosquito cells nia serogroup virus of the genus Bunyavirus, family Bunas well as mammalian cells. This study clearly demonyaviridae (Calisher, 1983) , is an enveloped, negativestrates that entry of CE virus into both mosquito (C6/36; sense RNA virus which infects both vertebrate and inverAedes albopictus) and mammalian (BHK-21; baby hamtebrate hosts. Two glycoproteins, G1 (Ç120 kDa) and ster kidney) cells is dependent upon a mildly acidic envi-G2 (Ç40 kDa), form spikes which project from the viral ronment, such as that found within endosomes. Evidence envelope. Little is known about the early events in bunyais also presented to show that G1 is involved in this low viral replication. G1 is required for infection of both mospH-mediated entry. quito and mammalian cells in vitro as well as of mosquitoes in vivo, but its function is unknown (Hacker et al., MATERIALS AND METHODS 1995) . G1 of another California serogroup virus, La Crosse (LAC), has been implicated as the viral attachCells, virus, and monoclonal antibodies ment protein (Gonzalez-Scarano et al., 1982; Grady et al., BHK-21 cells (clone 15) were maintained in Eagle's 1983; Kingsford et al., 1991; Pekosz et al., 1995;  Sundin minimal essential medium (MEM) supplemented with 5% et al., 1987) . Both G1 and G2 have been implicated in serum replacement medium (CPSR-5; Sigma) at 36Њ in low pH-mediated entry of LAC virus into mammalian cells 5% CO 2 . C6/36 cells (Igarashi, 1978) were maintained in MEM with 5% CPSR-5 and 10% fetal calf serum at 28Њ in (MAbs) 4B.29, 4B3.1, 6D5.5, 7B4.2, 7D4.5, and 15D1.7, Low pH treatment of virus specific for the G1 protein of CE virus, were purified CE virus was treated for 15 min at 37Њ with citrate by protein A affinity chromatography (ImmunoPure Plus, buffer (15 mM sodium citrate, 135 mM NaCl; Stegmann Pierce). Their production and characterization have been et al., 1987) adjusted to the indicated pH with HCl. The described elsewhere (Hacker et al., 1995) .
pH was returned to neutrality with an equal volume of 0.1 M Tris-HCl, pH 7.4, before samples were tested in Treatment with ammonium chloride the indicated assays. A stock solution of 1 M NH 4 Cl (Sigma) in water was Viral attachment prepared just before use. To assess the effect of ammonium chloride on infectivity, cells in 18-well slides (Cel-
The effects of G1 MAbs on viral attachment were deterLine Assoc., Newfield, NJ) were pretreated for 1 hr with mined according to a modification of Dietzschold et al. 20 mM NH 4 Cl in MEM, pH 7.4, buffered with 10 mM (1987) . Briefly, virus (1 1 10 4 to 2 1 10 4 cpm; 10 7 PFU/ HEPES (MEM-HEPES) in 5% CO 2 incubators at 28 or 0.1 ml) was incubated with MAbs or NMIgG (0.5-500 36Њ (C6/36 and BHK-21 cells, respectively). CE virus [1 mg/ml) in PBS with 0.75% bovine albumin (PBS-BA) for 1 focus-forming unit (ffu)/cell in MEM-HEPES] was then hr at 37Њ. Virus-antibody mixtures were cooled and adsorbed to cells in the presence of 20 mM NH 4 Cl for 1 added in duplicate (0.3 ml/well) to prerinsed confluent hr at 28 or 36Њ. Cells were then washed once and incumonolayers of BHK-21 or C6/36 cells in 6-well plates (Ç5 bated in the presence of 20 mM NH 4 Cl for 12 hr at 28 1 10 6 cells/well) on ice. After 1 hr, inocula were removed, or 36Њ before being assayed for infectivity by the alkaline and the cells were washed with cold PBS. The inocula phosphatase focus assay (APFA; Hacker et al., 1995) . and washes were pooled to determine the amount of The kinetics of ammonium chloride treatment were deterunbound virus. bating 0.5-500 mg/ml of MAb with virus for 1 hr at 37Њ and assaying for residual infectivity by the focus reduction Fusion assay neutralization test (Hacker et al., 1995) . Confluent monolayers of BHK-21 or C6/36 cells in 48-Proteolytic digestion well plates (Gibco) were inoculated with CE virus at a multiplicity of infection (m.o.i.) of 0.5 plaque-forming units TPCK-treated bovine pancreas trypsin and soybean (PFU)/cell. At 24 hr postinfection, cells were rinsed with trypsin inhibitor (STI) were purchased from Calbiochem. warm (37Њ) Iscove's modified Dulbecco's medium (IMDM, Proteinase K was purchased from Sigma. Low pH-treated Gibco), pH 7.4, treated in triplicate for 2 min with warm 35 S-labeled CE virus (5 mg/100 ml) was treated at neutral fusion buffer (IMDM adjusted to the indicated pH with 1 pH with 100 mg/ml trypsin in TCN buffer (0.1 M Tris-M morpholinoethanesulfonic acid), and incubated at 37Њ HCl, 10 mM CaCl 2 , 60 mM NaCl, pH 7.0) or 100 mg/ml with MEM, pH 7.4, for 30 min. Cells were fixed with cold proteinase K in 0.02 M Tris, pH 7.4, at 0 or 37Њ for 15 absolute methanol and stained with Giemsa for 15 min. min. Enzyme activity was inhibited for 10 min on ice using After the cells were rinsed twice with phosphate-buffered either 300 mg/ml STI (trypsin) or 2 mM PMSF (proteinase saline (PBS), the fusion indices [F.I. Å 1 0 (No. cells K). Samples were precipitated with 10% trichloroacetic per field/No. nuclei per field); White et al. (1981) ] were acid (TCA) and analyzed by sodium dodecyl sulfatedetermined by light microscopy.
polyacrylamide gel electrophoresis (SDS-PAGE) using Inhibition of syncytia formation by G1 MAbs was asa 10% discontinuous gel system (Laemmli, 1970) . Gels sessed at 36Њ using a modification of Dietzschold et al. were fluorographed with Resolution (EM Corp.). (1987) . At 24 hr postinfection, cells were washed with warm PBS, and 0.001-100 mg of each purified MAb or Triton X-114 partitioning normal mouse IgG (NMIgG; Pierce) was added to duplicate wells for 1 hr at 36Њ. The cells were then rinsed with Aliquots of 35 S-labeled CE virus (Ç1 1 10 4 cpm; 5 mg/ 10 ml) that had been treated with citrate buffer at low pH warm PBS, treated for 2 min with warm fusion buffer at pH 5.5 or 7.4, and incubated with MEM, pH 7.4, for 30 were brought to pH 7.4 in a final volume of 90 ml with 0.1 M Tris-HCl and chilled on ice. Samples were incumin at 36Њ. Cells were fixed and stained as described above. The percentage of inhibition at each MAb concenbated with precondensed Triton X-114 (final concentration 1%; Bordier, 1981) on ice for 3 min, incubated at 37Њ tration was calculated as 100 1 [1 0 (F.I. MAb /F.I. NMIgG )].
for 3 min, and centrifuged at 2000 g for 5 min at room temperature. The aqueous phase (80 ml) was removed after briefly rewarming to facilitate phase visualization, and 60 ml of TNE buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl) was added to the detergent-phase pellet (final volume 80 ml). The aqueous and detergent phases at each pH were analyzed by liquid scintillation spectrometry and SDS-PAGE.
RESULTS

Effect of NH 4 Cl on CE viral infectivity
Infectivity was measured in BHK-21 and C6/36 cells in the presence of increasing concentrations of a lysosomotropic amine to determine if CE virus enters cells through an acidic compartment. Focus formation was significantly reduced in both cell types in the continual presence of at least 20 mM NH 4 Cl (not shown). The inhibitory effect of ammonium chloride was transient: removal of the amine after viral adsorption or even after a 5-hr incubation in the overlay medium allowed infection to proceed, albeit at a slightly reduced level. To determine if chloride was added. There was a 50% reduction in the number of foci formed when ammonium chloride was for G1 were analyzed for their abilities to block FFWI added up to 5 or 7 min (BHK-21 or C6/36 cells, respec- (Table 1) . Various concentrations of each MAb were incutively) after warming (Fig. 1) . Addition of ammonium chlobated with infected cells at neutral pH, and after a brief ride to the infected cells later than 30 min after warming pulse with pH 5.8 citrate buffer, the fusion indices were had little or no effect. Since ammonium chloride inhibits determined relative to those obtained in the presence of acidification of endosomes (Mellman et al., 1986) neutralizing MAb (4B3.1) had little effect on syncytia formation, whereas MAbs 6D5.5, 7D4.5, and 15D1.7 exhibFusion from within ited a concentration-dependent inhibition of fusion, reaching inhibition levels of 80-90% in BHK-21 and 70-We also used a syncytia formation assay to assess whether CE virus enters cells by a low pH-dependent 80% in C6/36 cells. Interestingly, 5-50 times more antibody was required to inhibit fusion by 50% in C6/36 cells pathway. Infected cells which fuse with neighboring cells when the extracellular pH is artificially lowered compared to BHK-21 cells (Table 1) . Since MAbs 6D5.5, 7D4.5, and 15D1.7 may indirectly affect fusion by interferare said to undergo fusion from within (FFWI). Both CE virus-infected BHK-21 and C6/36 cells formed syncytia ing with the attachment of G1 to neighboring cells, the ability of G1 MAbs to inhibit binding of CE virus to BHKwhen treated with fusion buffer at pH 5.8, but not at pH 7.4 (Fig. 2) . The optimal pH for FFWI was determined 21 and C6/36 cells was assessed as described under Materials and Methods. In both the presence of NMIgG over a pH range of 5.5 -7.4 (Fig. 3) . Cell-to-cell fusion occurred when the extracellular pH pulse was lower and the absence of added antibody, 34% of input cpm bound to both cell types. Duplicate cpm varied õ10%. than 6.3 in both BHK-21 and C6/36 cells. Maximal fusion occurred at pH £6.0 in BHK-21 cells and pH £5.8 in Values in the presence of NMIgG ranged from 3000 { 100 cpm (0.5 mg/ml) to 3200 { 40 cpm (500 mg/ml) and C6/36 cells. No syncytial cells formed in mock-infected cells at any pH.
were defined as 0% inhibition. MAb 15D1.7 was the only antibody which significantly inhibited attachment (Table  FFWI is mediated by viral glycoproteins projecting from the plasma membrane. To determine if the G1 protein of 1), requiring as little as 5 mg/ml to reduce by 80% the attachment of CE virus to both cell types. These results CE virus has a role in fusion, neutralizing MAbs specific tralizing antibodies suggests that they interfere with some other step in the infection pathway. The nonneutralizing MAb, 4B3.1, did not interfere with attachment or FFWI. Thus two neutralizing MAbs specific for G1 inhibited fusion without affecting attachment.
Conformational change in G1
Low pH-induced conformational changes occur in the fusogens of viruses which infect cells via the endocytic pathway (White, 1990) . To determine whether a conformational change occurred in G1 or G2 at the fusion pH, protease cleavage patterns were generated at neutral pH for CE virions that had been transiently treated with citrate buffer at pH 5.8 or 7.4 (Fig. 4) . Extensive cleavage of G1 occurred at 37Њ in the presence of trypsin: three minor bands were produced from pH 7.4-treated virus (Ç90, 60, and 50 kDa), whereas the 60-kDa peptide predominated after pH 5.8 treatment. Trypsinization at 0Њ resulted in cleavage of G1 from pH 7.4-treated virus into virus, whereas one major band at Ç65 kDa and one minor band at 60 kDa were produced from pH 5.8-treated virus. Minor amounts of low-molecular-weight products suggest that only MAb 15D1.7 indirectly inhibited cellto-cell fusion by interfering with the binding of G1 to also were generated. At both pHs with either enzyme, the G1 protein alone was cleaved; both G2 and the nuneighboring cells. To correlate neutralization (i.e., 80% loss of infectivity) with the effects on attachment, the cleocapsid (N) protein remained intact. A pH profile showed that the proteinase K cleavage pattern shifted concentrations required to neutralize the high titer of virus used in the attachment assay were determined (Tawhen virus was treated with buffer at pH 6.2 or below (Fig. 5) . When digestions of treated virus were performed ble 1). The data suggest that the mechanism of neutralization by MAb 15D1.7 in both cell types is to prevent with trypsin in the presence of 1% Triton X-100, a similar pH effect was seen (data not shown). Thus, when com-G1 from binding to target cells, since the MAb concentrations required to inhibit both attachment and infectivity pared with the curve of the fusion indices shown in Fig.  3 , these results suggest that the G1 protein is conformaof 10 7 PFU of CE virus were virtually identical. In contrast, the lack of effect on attachment by the other four neutionally altered at the fusion pH. 1980; Randolph and Stollar, 1990) . In contrast, these agents are ineffectual on viruses that fuse through the plasma membrane. Kinetic analysis demonstrated a significant decrease in titer in both BHK-21 and C6/36 cells when ammonium chloride was added during the first 10 min of infection (Fig. 1) . These results suggest that ammonium chloride prevented infection by detaining CE virus in endosomes. Further evidence for a low pH-dependent entry pathway came from cell-to-cell fusion assays. Similar to SF, vesicular stomatitis, and LAC viruses in BHK-21 cells White et al., 1981) , CE virus induced syncytia formation in BHK-21 and C6/36 cells when the extracellular pH was lowered to 6.3. Together these results suggest that CE virus infects both mosquito and mammalian cells through the endocytic pathway.
Since entry is likely to be mediated by viral surface proteins, a role for G1 in infection was examined. MAbs to two separate G1 epitopes (Table 1) tions in intact mosquitoes (Hacker et al., 1995; Sundin et al., 1987) . Our work extends the notion that G1 is critical for attachment and infection of mosquito cells, and it Detergent solubility of G1 and G2
Phase partitioning with the detergent Triton X-114 can be used to separate amphiphilic proteins from soluble proteins (Bordier, 1981) and has been used to substantiate a conformational change in the influenza virus fusion protein at low pH (Skehel et al., 1982) . As shown in Fig.  6 , at pH 7.5 both G1 and G2 separated equally into the aqueous and detergent phases. In contrast, the N protein separated primarily into the aqueous phase, as expected for a soluble protein. To determine whether acidification alters the relative hydrophobicity of G1 and/or G2, Triton X-114 partitioning was performed at neutral pH on virus which had been subjected to low pH treatment (Fig. 6) . The data presented are representative of three separate experiments. The proportion of both G1 and G2 in the detergent phase increased at low pH, changing from Ç59% at pH 7.5 to Ç80% at pH 5.8. These results indicate that both G1 and G2 undergo a low pH-induced increase in relative hydrophobicity. substantiates observations that G1 is the attachment provirus have alternately implicated either G1 or G2 as the LAC virus fusion protein in mammalian cells. G1 MAbs tein for LAC virus in mammalian cells (Gonzalez-Scarano et al., 1982; Kingsford et al., 1983; Pekosz et al., 1995) .
have suggested a role for LAC G1 in fusion with mammalian cells ; Gonzalez-Scarano et Our results implicate G1 in an intraendosomal acidcatalyzed fusion event. MAbs 6D5.5 and 7D4. 5 blocked al., 1985) , and G1 has been shown to be conformationally altered at the fusion pH (Pekosz and Gonzalez-Scarano, cell-to-cell fusion without any effect on viral attachment, suggesting that they interfere at a later stage in the infec-1996; . In contrast, both LAC G1 inserted in liposomes (Pobjecky et al., 1989) and recomtion pathway, such as viral penetration. Although capping cannot be precluded since antibody binding was perbinant G1 (Jacoby et al., 1993) displayed reduced fusogenic abilities, suggesting that G1 alone is insufficient formed at 37Њ, the data are consistent with LAC virus results . In most cases, for fusion; however, this could be due to improper protein folding in the absence of G2. Sequence analysis of LAC viral attachment and entry are mediated by the same integral membrane protein (White, 1992) . Our results imvirus has indicated that G2 is more hydrophobic (Fazakerley et al., 1988), and Pobjecky et al. (1989) have sugplicate two distinct G1 epitopes in both of these processes for CE virus in mosquito and mammalian cells.
gested that given its greater degree of hydrophobicity, G2 may contain the critical fusion residues. However, Since G1 and G2 are likely to be closely associated (Pekosz and Gonzalez-Scarano, 1996) , steric effects on our detergent partitioning results with pH 7.5-treated virus are not consistent with this prediction (Fig. 6 ). Al-G2 cannot be ruled out. However, we previously showed that the neutralizing effect of MAb 7D4.5 is unlikely to be though fusion peptides are relatively hydrophobic, more critical may be the ability to form an a-helix at low pH, due to steric hindrance of G2: enzymatic removal of G1 mimicked neutralization with this MAb both in vitro and with one face being hydrophobic and the other having the capacity to form hydrogen bonds (White, 1992) . in mosquitoes (Hacker et al., 1995) . Epitope A, although involved in infection, did not correlate with attachment Further indications that G1 has a role in fusion came from protease cleavage experiments. Similar to findings or fusion.
Fusion proteins often display conformational changes with LAC virus , we demonstrated a fusion pH-dependent conformational change at the pH of fusion. Hydrophobicity changes in G1 and G2 were demonstrated using Triton X-114 partitioning.
only in G1 (Fig. 5) . However, experiments with SF virus have indicated that changes in protease sensitivity do An increasingly larger proportion of G1 and G2 partitioned into the detergent phase, although the effect was not define a fusion protein: both E1 and E2 exhibited pH-dependent protease sensitivity (Kielian and Helenius, not measurably significant until 0.5 pH units below the fusion pH (Fig. 6) . The potential for pH-dependent confor-1985), but E1 is the fusion protein (Omar and Koblet, 1988) . In contrast to our findings, only E2 showed an mational changes in the presence of detergent or target membranes needs to be addressed. Studies with LAC increased association with detergent at low pH (Kielian entry of Semliki Forest virus into BHK-21 cells. J. Cell Biol. 84, 404-and Helenius, 1985) . When coupled with our MAb results, 420. our findings are consistent with a fusion pH-dependent Igarashi, A. (1978) . Isolation of a singh's Aedes albopictus cell clone conformational change only in G1, not in G2, and implisensitive to dengue and Chikungunya viruses. J. Gen. Virol. 40, 531-cate a role for G1 in endocytic entry of CE virus into 544. Jacoby, D. R., Cooke, C., Prabakaran, I., Boland, J., Nathanson, N., and mosquito as well as mammalian cells. Definitive answers Gonzalez-Scarano, F. (1993) . Expression of the La Crosse M segment as to the identity of the fusogen await crytallographic proteins in a recombinant vaccinia expression system mediates pHanalysis and molecular modeling of soluble G1. dependent cellular fusion. Virology 193, 993-996. Kielian, M., and Helenius, A. (1985) . pH-induced alterations in the fusogenic spike protein of Semliki Forest virus. J. Cell Biol. 101, 2284-
